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ARTICLE INFO ABSTRACT

Keywords: Brazilian roundwood industry is one of the most important and productive in the world, with Eucalyptus plan-

Deep rooting tations alone representing 73% of the total planted forests. Deep rooting in these plantations represents a more

Euglyptus urophylla common phenomena than generally expected. However, there is still a lack of information on environmental

:O‘tl, d‘;"empmem factors that drive root growth in deep soil layers, with particular emphasis on edaphoclimatic conditions, and
ntisols

related consequence in terms of soil water behavior. As a part of a larger project, this research aimed to in-
vestigate soil water and fine root system distribution in deep tropical soils under a commercial Eucalyptus
plantation chronosequence. Along a 2800-km gradient (from south- to north-east Brazil), 14 experimental areas
were planted with a “plastic” clone (E. urophylla) and investigated in terms of climatic conditions, soil and water
features, and plant/stand development for an entire 6-years rotation period. Fine roots distribution were in-
vestigated in one site (in Brazil) till to 20 m deep at 3, 9, 24, 48, and 65 months after planting. Results showed a
fast displacement of the root front down to 75, 325, 825, 1250, and 1575 cm at month 3, 9, 24, 48, and 65 after
planting, respectively. Fine root densities (g cm ~ ) and proportional water capture exponentially decreased with
soil depth. Deep fine roots showed a relativelly higher efficiency in acquiring water than the shallower, denser
roots. The relationship between stand height vs root front depth followed an exponential trend, suggesting that
these stands developed relatively faster in height rather than in depth during the first 48 months, with the
opposite characterizing plantation afterwards. Regardless of stand age, E. urophylla trees rapidly explored a
considerable volume of soil at a relatively limited carbon cost. Multivariate statistics showed that edaphoclimatic
conditions play a major role in Eucalyptus plant/stand development. This study outlined the major role played by
soil development. From poorly developed sandy Entisols, to medium developed Inceptisols, and to most de-
veloped fine textured Oxisols, both plant growth and stand productivity greatly improved accordingly. This
study suggests that soil type, together with other environmental factors, are likely to influence both the de-
velopment and behavior of Eucalyptus plantations for an extent greater than commonly anticipated.
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1. Introduction

Brazilian planted tree industry is a world leader in timber produc-
tion for pulp, fiber, wood, energy, and many other common and/or new
applications (FAO, 2019). The total area of planted forests for industrial
purposes reached 7.84 million hectares in 2016, a growth of 0.5% in
just one year. This increase was exclusively due to Eucalyptus planta-
tion. With 5.7 million hectares, Eucalyptus plantations represent 73% of
the total planted forests in the country and 29% of the Eucalyptus forests
worldwide (IBA, 2017). Eucalyptus plantations in Brazil covered just 1%
of the total national territory, but they are responsible for (IBA, 2017):
i) 91% of all the wood used for productive purposes in the country; ii)
6.2% of the Brazilian GDP, and; iii) 3.7 million of employers involved in
forest activity (direct, indirect, and income-effect). There are economic
reasons justifying the great importance of Eucalyptus plantations.
However, this represents multiple challenges in the perspective of a
new green economy, sustainable forest management, ecosystem pro-
tection, soil conservation, greenhouse gases mitigation, etc. Ad-
ditionally, forest plantations play a major role in decreasing the pres-
sure, with related negative impacts, on natural ones since it has been
demonstrated that they reduced harvesting from natural forests by
26%—-35% (Buongiorno and Zhu, 2014; Nepal et al., 2019).

Eucalyptus planted forests are mostly located in the states of Minas
Gerais (24%), Sao Paulo (17%), and Mato Grosso do Sul (15%) where,
at 5.5 years in plantation age, wood biomass can reach very high levels
in irrigated plots, such as 141 Mgha ™! (Stape et al., 2010). In all these
areas water management can play a pivotal role in the commercial
success of the plantation. Indeed, the pedoenvironment is characterized
by deep, sandy, infertile, strongly leached acidic soils (Abreu-Junior
et al., 2017) that in combination with climatic conditions (high mean
temperature) can favour a rapid soil drying. Such phenomena can cause
severe plant thermal stresses responsible for irreversible eco-physiolo-
gical issues of plants and the entire plantation. Moreover, in order to
sustain, or even increase, the high rates of Eucalyptus growth in the near
future additional concerns must be carefully taken into account, such
as: i) changes in climatic conditions, with a foresee increase in drought
periods due to an increasing trend in mean temperature and a de-
creasing one in mean precipitations (Germon et al., 2019); ii) an in-
crease in exotic pest/disease diffusion (Wingfield et al., 2013). In-
creasing knowledges about soil water distribution along the deep
tropical soils represents a key step towards an improvement in the
management of Eucalyptus plantations.

Among factors influencing soil water use by planted trees and crops
in general, fine root densities and distribution along the soil profile are
of primary importance because they determine the amount of water
available to the plants (Ferchaud et al., 2015). Even if there is growing
evidence suggesting that deep rooting could be more widespread
among plant species in tropical regions than generally expected, there is
still a lack of information on environmental factors driving root growth
into deep soil layers (Christina et al., 2017). This was also due to the
well-known difficulty in investigating such deep pedotypes and an-
nexed complex root systems (Ferchaud et al., 2015; Freycon et al.,
2015). Additionally, frequent approximations on important soil water
parameters for Eucalyptus cultivation are often reported without any
reference to the root system (Binkley et al., 2019).

The root system is the main means of plants to access nutrient and
water resources in the pedosystem. Root structure is determined pri-
marily by genetic attributes, but its development can be strongly af-
fected by edaphoclimatic features, i.e., soil physical-chemical char-
acteristics and climatic conditions (Plasencia et al., 2016). The root
system is well known for its considerable plasticity and hence its role in
plant adaptation to adverse conditions, including drought and low
natural soil fertility (Pierik and Testerink, 2014). From this point of
view, water uptake by deep roots is an effective means of plants’
adaptation to drought in tropical and subtropical forests (Christina
et al., 2017). Soil depth and development can exert a great influence on
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root system since trees can absorb water and nutrients from deep soil
horizons. In tropical areas, where the climate is characterized by high
evapotranspiration phenomena and a well-defined dry period, water
and nutrient uptake by roots in deep horizons may increase the survival
rate of the trees during prolonged drought periods, thus increasing
wood production (Paz, 2003; Padilla and Pugnaire, 2007). Studies on
soil water uptake and root distribution along soil profile are usually
restricted to a specific, predefined plant development stage and with
soil samples collected only along the first few meters (Ferchaud et al.,
2015). However, a recent study in a throughfall exclusion experiment
showed that management practices in Eucalyptus plantations as well as
the rainfall regime can greatly influence soil water storage down to a
depth of 17 m and tree growth (Christina et al., 2018). Additionally,
questions concerning soil type and development have been rarely
considered. In the case of tropical Eucalyptus plantation, deep soils
(> 200 cm) are common with a large range of degrees of development
and commercial plantations are characterized by longer rotation cycles
than most common crops. There is a lack of in situ measurements in-
vestigating the multiple interactions between climate, soil features, soil
water, and plant/stand vertical growth.

The objective of this research was to gain insight into soil water
contents and fine root distributions in deep tropical soils under a
commercial Eucalyptus plantation chronosequence. In order to under-
stand how climatic and soil conditions influence soil water, root and
plant/stand development, several experiments were conducted along a
2800-km gradient (south- to north-east Brazil) characterized by dif-
ferent environmental conditions. In particular: i) edaphoclimatic con-
ditions and plant/stand development were investigated in 14 sites,
where just one kind of Eucalyptus clone was planted (Eucalyptus ur-
ophylla S.T. Blake, hereafter E. urophylla) and selected for its well-
known plasticity for different environmental conditions; ii) fine roots
were investigated in one site along a chronosequence of 3, 9, 24, 48,
and 65 months after planting.

2. Materials and methods

The TECHS Project (Tolerance of Eucalyptus Clones to Hydric,
Thermal and Biotic Stresses, www.ipef.br/techs/en) started in 2011
aiming to investigate how hydric, thermal, and biotic stresses together
with spacing and genetics could influence survival and growth of
Eucalyptus trees at both individual and stand level (Binkley et al., 2019).
It was a large experimental research platform involving several forest
companies, universities, and research institutions collaborating in the
investigation of 36 experimental sites located across a 3500-km gra-
dient from the Amazon Region to Uruguay. Several experiments on
both basic and applied science in Eucalyptus plantation and manage-
ment were carried out. For the sake of brevity, in this paper the ex-
periment about soil water and root distribution would be presented
only.

2.1. Site selection

As previously reported, a large gradient in environmental conditions
was investigated during the TECHS Project. As a matter of fact, en-
vironmental conditions varied from “warmer Tropical sites” (WTS) to
“cooler Subtropical sites” (CSS). Additionally, 18 clones of Eucalyptus,
carefully selected by a group of breeders involved in the project, were
planted. These were selected and planted as: i) 4 clones as suitable for a
wide range of environmental conditions (“plastic” clones), planted
across all 36 TECHS sites; ii) 7 clones as suitable for warmer conditions,
planted at the WTS only; iii) 7 clones as suitable for cooler conditions,
planted at the CSS only. All these clones were representative of the
different genetic materials used by forest industry in Brazil and were
characterized by different susceptibility to water and thermal stresses.

Results in this paper come from experiments carried out in the sites
where “plastic” clones were planted. In particular: i) 14 sites selected to
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Table 1

Main features of selected TECHS sites for investigation of soil, water, and other hydrological parameters.
TECHS site® Altitude (m a.s.1.) Municipality, State” T (°C), P (mm)* PET, AET (mm)‘ AI%, CC' Soil Order® MSH"
2AR 770 Arapoti, PR 18.4, 1436 569, 562 Super humid, Cwb Oxisol Ap-Bo1-Boo-...
4BO 243 Belo Oriente, MG 23.0, 1065 1002, 828 Humid, Aw Oxisol Ap-Bo1-Boo-...
5GU 873 Guanhaes, MG 21.0, 1013 796, 704 Humid, As Oxisol Ap-Bo1-Boo-...
7RV 681 Rio Verde, GO 23.2, 1319 1036, 724 Humid, Aw Entisol Ap-Cy-Co-...
9ES 969 Estrela do Sul, MG 23.5, 1334 1067, 928 Humid, Aw Oxisol Ap-Bo1-Boo-...
10BO 869 Botucatu, SP 21.4, 1332 842, 783 Humid, Aw Oxisol Ap-Bo1-Boo-...
11Cs 783 Chapadao do Sul, MS 22.8, 1154 983, 780 Humid, Aw Oxisol Ap-Bo1-Boo-...
14IN 480 Inocéncia, MS 24.3, 1026 1188, 916 Sub-humid, Aw Entisol Ap-Ci-Cp-...
20MG 633 Mogi Guacu, SP 22.3, 1255 942, 867 Humid, Aw Oxisol Ap-Bo1-Boo-...
22TB 888 Telémaco Borba, PR 17.8, 1436 569, 561 Super humid, Cwb Oxisol Ap-Bo1-Boo-...
230C 870 Otacilio Costa, SC 17.1, 1525 481, 476 Super humid, Cfa Inceptisol Ap-By1-Bua-...
24BO 656 Borebi, SP 22.0, 1116 908, 800 Humid, Aw Entisol Ap-Ci-Co-...
29US 81 Urbano Santos, MA 27.5, 878 1492, 656 Sub-humid, Aw Entisol Ap-C1-Co-...
33BU 695 Buri, SP 20.0, 1196 662, 645 Humid, Cwb Oxisol Ap-Bo1-Boa-...

@ TECHS site acronyms assigned according to numbero of site and municipality (for instance, 2AR means the site number 2 belonging to the Arapoti municipality).
b Brazilian States of MG = Minas Gerais; PR = Parand; RS = Rio Grande do Sul; GO = Géias; SP = Sao Paulo; MS = Mato Grosso do Sul; TO = Tocantins;

SC = Santa Catarina; MA = Maranhao.
¢ In terms of mean annual temperature and rainfall.
4 Potential and actual evapotranspiration.
¢ Aridity index.
f Climatic classification (Koppen, 1936).
& According to Soil Taxonomy (2014).
" Main soil horizons.

investigate the relationships between climatic conditions, soil and
water features together with related hydrological parameters, and
plant/stand development; ii) one site (Site code “14IN”; E. urophylla
plantation; Clones Al; Inocéncia, State of Mato Grosso do Sul, central-
western Brazil, Table 1) was selected to investigate root development
along a chronosequence of 3, 9, 24, 48, and 65 months after planting.
These 14 sites, located along a 2800-km gradient with contrasting la-
titudes and altitudes, were selected to cover a wide range of climatic
and soil conditions in Eucalyptus plantations (Table 1). Clone Al of the
E. urophylla species was selected as typically representing “plastic”
clones, i.e., those suitable to be planted along a wide range of en-
vironmental conditions, and for being one of the most planted clones in
Brazil. Chronosequence was chosen to investigate the entire commer-
cial rotation period for Eucalyptus in Brazil (65-72 months). From this
point of view, we selected the post-planting (3 months), intermediate
(9, 24, 48) and last step in the rotation cycle.

2.2. Experimental design

The experiment started at the end of 2011 and beginning of 2012.
Plantations were organized in plots of 90 X 24 m, with 8 lines con-
stituted by 30 trees (3 m distance between each line and tree; Fig. 1a).
Every plot was then divided into 4 sub-plots where different experi-
ments were conducted. For the purposes of the present study, the sub-
plot was 30 x 24 m (Fig. 1b). The length of rotation period was 6 years,
conventionally used for Eucalyptus plantation in Brazil.

Soil preparation was performed according to usual Brazilian forest
companies’ operational activities. Soil was tilled down to 40/50 cm
deep. Irrigation time and water amounts varied according to the
seedlings’ needs conditioned by the site features. Three to 4 L of water
per seedling were applied without a predetermined irrigation frequency
but rather according to plant need.

Soil nutrient contents were estimated prior to experiment (end of
2011) by analyzing soil surface horizons. Then, an additional fertilizers
of 10% relative to commonly recommended dose was applied to all the
TECHS sites to avoid any nutritional deficiency over the entire ex-
periment period. Consequently, fertilizers were applied to each plot
during the first year as: 70 kgha™' of N, 45kgha™' of P, 85kgha~! of
K, 500 kgha ! of Ca, 90 kg ha~ ! of Mg, 40 kgha ™! of S, 3kgha ! of B,
1kgha™' of Cu, and 1kgha ! of Zn. Fertilization schedule varied

among the sites, with the total amount distributed in 2-4 applications
starting from the pre-planting period to the twelfth month. Herbicides
were applied to keep the plots weed-free. In particular, Glyphosate
(Scout®) and Isoxaflutole (Fordor®) were applied with the first appli-
cation along planting lines in 30-40 days after planting. The second
application was conducted, where necessary, 60/70 days after planting.
After this, additional applications were performed according to weed
conditions.

2.3. Data collection

The data consisted of: i) climatic parameters collected by a perma-
nent daily-recording weather station installed in all of the 14 sites; ii)
soil and hydrologic parameters collected and measured immediately
before the end of the rotation age (6 years, vide supra) in all of the 14
sites; iii) fine root investigation along a chronosequence of 3, 9, 24, 48,
and 65 months after planting, at the TECHS site “14IN” only (Table 1);
and iv) dendrometric measurements conducted every 6 months from the
beginning of the experiment to the end of the rotation, for all of the 14
sites. In the following sections all of these steps were carefully de-
scribed.

2.3.1. Climatic parameters

A weather station was installed at each TECHS site, for daily re-
cording of temperature (T) and rainfall (P). Potential and actual eva-
potranspiration (PET, AET) were calculated according to Penman-
Monteith method (Monteith, 1965), climate classified according to
Koppen (1936), and aridity index evaluated through the P/PET rate.

2.3.2. Soil sampling, analysis, and hydrologic measurements

Soil samples were collected, in all of the 14 sites, at the plantation
age of 5.5 years (2017), i.e., six months before the end of crop rotation
(6 years). Trenches of 2m depth, 1.2m width, and 1.5 m length were
dug in the central area of the experiment (corresponding to the center
of Fig. 1b) to fully investigate the soil profile. They were then described
with the identification of genetic horizons and soils classified accord-
ingly (Soil Survey Staff, 2014). As reported in Table 1, three different
main pedotypes have been investigated: Entisols, Inceptisols, and Oxi-
sols. The parameter “soil development” (SD) was calculated according
to the soil sequence Entisols — Inceptisols — Oxisols, scoring poorly
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Fig. 1. Schematic representation of E. urophylla plantation with plant (a), soil (b), and roots (c and d) sampling plans.

developed Entisols with the lowest value, while most developed Oxisols
with the highest one; Inceptisols were scored with medium values re-
presenting transitional phases.

Undisturbed soil samples were collected using an Uhland soil sam-
pler (3 samples for each horizon) from both surface mineral A, and B
(B, or By,) or C horizons, depending on the soil type (Table 1).

All soil analyses (Table 2) were performed according to official
methods in Brazil (EMBRAPA, 1997). Sand (2.0-0.02mm), silt
(0.02-0.002 mm), and clay (< 0.002mm) fractions were separated

with the densimeter method following pre-treatment with H>O, and
sodium hexametaphosphate. Soil pH-H,O was measured potentiome-
trically with a glass electrode in a soil/water mixture of 1:2.5. Soil
organic matter (SOM) content was estimated by the Walkley-Black
method. Cation-exchange capacity (CEC) was determined via saturation
with KCl. The soil particle density (PD) was determined by the flask
method, while soil bulk density (BD) with the metal cylinder. Total
porosity (TP) was then calculated as:

TP(m*m~3)=1 — (BD/PD) @
Table 2
Main soil physical-chemical features (mean =+ st. err).
TECHS site® pH-H,0 Sand silt Clay BD" PD¢ TP¢ SOM® CEC'
(%) (gem™) m’m~?%) (gdm™) (mmol kg™
2AR 41 = 0.0 9+0 150 76 £ 0 1.1 = 0.0 26 = 0.1 0.6 = 0.0 36 £ 0 92 1
4BO 4.1 = 0.0 39 +1 30 58 =1 1.1 = 0.0 25 = 0.0 0.6 = 0.0 35 +0 62 + 0
5GU 3.9 + 0.0 39 +1 4x0 57 + 1 1.3 = 0.1 2.6 + 0.1 0.5 = 0.0 41 + 1 92 + 1
7RV 45 * 0.0 87 £ 0 2=+0 11 +0 1.5 = 0.1 2.7 £ 0.1 0.5 = 0.0 190 36 £ 0
9ES 39 £ 0.0 12 £ 0 50 83 + 0 09 = 0.0 25 + 0.0 0.6 = 0.0 43 = 1 89 =1
10BO 4.3 * 0.0 75 + 0 30 22 +0 1.4 = 0.1 2.7 + 0.1 0.5 = 0.0 30 + 0 67 + 0
11CS 4.3 £ 0.0 72 £ 0 1+0 27 + 0 15 = 0.1 2.7 + 0.1 0.4 = 0.0 24 + 0 55 + 0
14IN 41 = 0.0 84 + 0 30 130 1.6 = 0.1 2.7 =+ 0.1 0.4 = 0.0 11 +0 65 * 0
20MG 4.1 = 0.0 44 = 1 50 51 =1 1.3 £ 0.1 26 = 0.1 0.5 = 0.0 34 =0 97 =1
22TB 4.0 £ 0.0 21 + 0 120 67 = 0 1.1 = 0.0 2.5 + 0.0 0.6 = 0.0 52 + 1 184 + 2
230C 3.9 = 0.0 24 £ 0 20 £ 0 56 £ 0 1.1 = 0.0 2.5 = 0.0 0.6 = 0.0 45 + 1 338 =+ 3
24BO 4.6 = 0.0 87 =0 30 10 £ 0 1.3 £ 0.1 28 = 0.1 0.5 = 0.0 12 £ 0 105 = 2
29US 41 £ 0.0 74 + 1 5+0 21 =1 1.6 = 0.1 2.7 + 0.1 0.4 = 0.0 16 = 0 91 + 1
33BU 41 * 0.0 27 + 0 13+ 0 60 + 1 1.0 = 0.0 2.6 = 0.0 0.6 = 0.0 28 + 0 111 + 2
@ Legend as in Table 1.
b

Bulk bensity.

¢ Particle density.

Total porosity.

Soil organic matter.
Cation-exchange capacity.
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Table 3

Main soil hydrologic features (mean =* st. err).
TECHS site” AWC" SWS© swp! Swp*

(mm)

2AR 153 + 10 2481 + 156 70 874 = 55
4BO 107 = 3 1125 = 34 174 £ 5 263 = 8
5GU 138 = 6 1223 + 53 92 + 4 309 = 13
7RV 57 = 2 325 £ 9 312 = 9 606 + 18
9ES 66 + 1 1727 = 18 139 = 1 427 *+ 4
10BO 77 £ 2 865 *+ 23 58 + 2 549 *+ 15
11CS 99 + 3 491 + 13 203 = 5 387 £ 10
14IN 80 = 2 404 = 8 272 = 6 110 = 2
20MG 123 = 8 1341 = 85 75 £ 5 404 *= 25
22TB 155 £+ 9 2250 + 128 70 874 + 50
230C 191 + 4 2123 * 45 50 1049 = 22
24BO 78 £ 3 404 = 13 109 + 4 317 = 10
29US 242 = 7 257 = 7 836 = 23 222 + 6
33BU 135 £ 3 1987 = 50 17 = 0 551 + 14

a

b

Legend as in Table 1.

Available water content/capacity.
Soil water storage.

Soil water deficit.

Soil water surplus.

c
d

e

All the collected undisturbed samples (Table 3) were subjected to
two different loads to determine permanent wilting point (PWP;
—1500kPa) and field capacity (FC; —10kPa). The available water
capacity (AWC) in a specific soil layer was then calculated as:

AWC(mm) = (((6gc X BD) — (6pwp X BD)) X BD X 10) X SD 2)

where:

Brc = soil water content at field capacity on a mass basis (kg kg ™).
Opwp = soil water content at permanent wilting point on a mass
basis (kg kg™ 1).

BD = soil bulk density (gdm ~3).

SD = thickness of the soil layer (m).

AWC was then used to calculate soil water storage (SWS), soil water
deficit (SWD) and soil water surplus (SWP) according to methods pro-
posed by Rolim et al. (1998).

2.3.3. Root sampling and measurements

Fine roots (@ < 2mm) were sampled in the TECHS site “14IN”
only, where the “plastic” A1 clone was planted. The root system was
sampled and evaluated at months 3, 9, 24, 48, and 65 in a chronose-
quence of plantations to cover a complete rotation cycle.

The sampling points were located as reported in Fig. 1c. This ap-
proach was chosen to collect roots not too far/near from the trunk.
Indeed, selected sampling points were located along the main direction
of planting line and, accordingly root development. Roots were always
collected at the end of the rainy season (May-June) to ensure high soil
humidity and a peak in root uptake of soil water. Core drill samples
(Fig. 1c) were collected by a gasoline powered soil sampler with a drill
diameter of 100 mm. Samples were collected at the fixed depths of
0-25, 25-50, 50-100, 100-150 cm and then every 50 cm until no roots
were found (Fig. 1d). Three core drills were realized in each plot for
each of the investigated (months 3, 9, 24, 48, and 65) plant develop-
ment (Fig. 1c).

Samples were immediately stored in plastic bags to avoid soil
moisture loss and stored in the refrigerator to avoid root decay. Only
living fine roots (@ < 2mm) were investigated since they are con-
sidered as those primarily involved in water and nutrient uptake
(Christina et al., 2011). Before measuring root length and biomass,
living roots were distinguished from dead one on the basis of color,
brittleness, structure of cortex or bark and color of stele or xylem. Two
sieves of 300 and 500 pm mesh were then used to separate roots smaller
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and greater than 1 cm, respectively. Roots were then dried for 72h at
65°C and weighed to determine dry biomass. Soil moisture in each
horizon was measured from 20 g of soil dried at 105 °C for 72h up to
constant weight. Dry masses separated in the laboratory (estimated
proportionally to the mass of the total soil sample collected) were to-
talized for each soil layer, thus calculating the fine roots density (FRD,
ing cm ™). The model proposed by Witschoreck et al. (2003) was used
to convert FRD in root length density (RLD), i.e., the total root length
per unit of soil volume (Gregory, 2006).

2.3.4. Relationship between fine root density and proportional water
capture

Modeling of water absorption by the root system was performed
taking into account contrasting climatic conditions and soil physical
features characterizing the 14 investigated sites (vide supra) as the ex-
periment encompassed several sites with different edaphoclimatic
conditions. Consequently, generated models were considered to cover a
wide range of edaphoclimatic conditions.

As demonstrated by Ferchaud et al. (2015) RLD can be used as an
indicator of root intersection density (RID), i.e., the mean number of
root impacts per cm?. As a matter of fact, RLD and RID are character-
ized by a linear relationship. Consequently, the relationship between
RLD and the proportional water capture (PWC) was calculated by the
model originally proposed by King et al. (2003) and modified by
Ferchaud et al. (2015):

PWC (%) = (a —y) X (1 — e REPK) 4y 3)

where:

a is the highest PWC achievable by the crop (a = 100% in the ori-
ginal model).

¥, is the PWC obtained in free root soil layers due to possible water
capillary rise (yp = O in the original model).

k is a “resource capture coefficient” summarizing details of both
water uptake physiology and soil water transport. A higher k-value
leads to a faster increase in the extraction of water when the root
density increases.

A common value for all planting ages was chosen for y, and the
optimization of the parameters for a and k was performed with the
Excel Solver using the non-linear Generalized Reduced Gradient (GRG)
method. The minimized criterion was root mean square error (RMSE).

Root growth rate (RGR) was calculated as the ratio between the
depth reached by root (cm) at the investigation time (days).

The available amount of water for planting (AWP) at months 3, 9,
24, 48, and 65 was calculated from the PWC and AWC values, as a
function of RLD and the depth (D) of the soil layer, as:

AWP; 9 24,48,65 months = AWCimm X PWC X D 4)

where:

i = is the investigated soil layer which varied according to the plant
age at which it was calculated. The first layer was standardized at
the 0-25 cm (as shown in Fig. 1d).

AWC;,, = is the standardized soil available water capacity at 1 m
deep, measured in collected undisturbed soil sample.

D = is effective soil depth as a function of planting age (75, 325,
825, 1250, and 1575cm at 3, 9, 24, 48, and 65 months, re-
spectivelly)

2.3.5. Dendrometric measurements

Tree growth was assessed by measuring the height (H) and the
diameter at breast height (DBH) every 6 months, up to the sixth years
(end of crop rotation), for each of the 80 trees characterizing the in-
vestigated sub-plot in all of the 14 TECHS sites (Fig. 1a, b).

The commercial volume of wood with bark was calculated using
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Fig. 2. Fine root density (FRD) and proportional water capture (PWC) distribution along the 20 m depth soil profiles sampled at 3, 9, 24, 48, and 65 months after

planting.

volumetric models based on widely used volume equations already
calibrated for Eucalyptus sp. with the stocking density used at the study
sites. The model was calibrated using equations provided by Eldorado
Brasil Celulose SA, by adjusting the Chapman-Richards model (Pienaar
and Turnbull, 1973). As previously reported, the age of 6 years was
selected since it is conventionally considered the rotation period for
Eucalyptus plantation in Brazil, a standardization procedure of the mean
annual increment (MAI) recorded in each of the 14 investigated sites
was used. A guide curve method was applied according to the equation:

MAIgy (m*ha~lyear) = y x MAI, X 265.6 X e~1:6=08Y x 256.6

X 3_1‘56_0'58X6/6 (5)

where:

y is stand age expressed in years, MAl, is mean annual increment at
6 years of age, and MAI, is mean annual increment at the survey
age.

In order to estimate wood biomass and quality together with their
reationships with edaphoclimatic conditions, the basic wood density
(BWD, g cm ™~ 3) was determined by collecting cross-sectional disks from
plants and then following the water displacement method (ABNT,
2003). Each disk was immersed into a vessel fully filled with distilled
water causing the water to overflow. The displaced water was collected
and measured to determine the green volume of the disk. After the disk
was dried at a temperature of 103 + 2°C until a constant weight. The
basic density was determined by dividing the dry mass by its respective
saturated volume.

2.4. Statistical analysis

Univariate and multivariate statistics were carried out using the

software program R (RStudio Team, 2016). Data were compared using
analysis of variance (ANOVA). Significant differences between mean
values were determined using a Tukey’s post-hoc honest significant
difference test with p < 0.05. Correlation matrix (CM) was elaborated
to understand relationships among investigated attributes. Pearson's
product moment correlation coefficient was used for Box-Cox trans-
formed data with statistical significance determined with the Student's
t-test (p < 0.05). Factor analysis (FA) based on the correlation matrix
(using Pearson’s product moment correlation coefficient) was used to
explain the variation in a multivariate dataset with as few factors as
possible. For facilitation of the interpretation of results, varimax rota-
tion was used (Capra et al., 2014) and significance fixed at p < 0.05.

When reported, values in this study indicate the mean *+ standard
error.

3. Results and discussion
3.1. Fine root density (FRD) and proportional water capture (PWC)

One of the main novelties of this investigation is the study on fine
roots dynamics at the depths of more than 10 m, which is rarely re-
ported (Laclau et al., 2013; Lambais et al., 2017). Few tree species were
characterized by roots growing more than 10 m deep, with limited re-
sults suggesting that the maximum rooting depth is underestimated in
the tropical woody ecosystems (Christina et al., 2011). For such reasons
there is an urgent need to sample soils down to the maximum root front
(Schenk and Jackson, 2002). Recently, Germon et al. (2019) studied
fine roots dynamics (Eucalyptus grandis W. Hill ex Maiden) down to
17 m depth and found fine roots along the whole profile in a young
coppice, at 7.5 years after planting. However, as far as we are aware,
soil water and fine root dynamics have never been investigated down to
20 m depth. Additionally, the maximum depth that can be reached in E.
urophylla commercial plantations after a complete rotation cycle
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remains unknown.

All the fine root densities (FRD) in the chronosequence series
(months 3, 9, 24, 48, and 65; Fig. 2a) showed a fast displacement of the
root front down to deep soil layers. After just 3 months, roots had al-
ready reached the bottom of the A, horizon and the first 30 cm of the
first deep C; horizon. Overall, root front depth reached maximum va-
lues of 75, 325, 825, 1250, and 1575 cm at 3, 9, 24, 48, and 65 months
after planting, respectively. Christina et al. (2017) explained such a fast
colonization of deep soil layers as a “drought-avoidance strategy” al-
lowing plants to access large amounts of soil water mainly during the
early growth stage. Additionally, this behavior could represent a key
factor that leads to the peak of biomass productions generally recorded
during the second year after planting in Brazilian Eucalyptus commer-
cial plantations (Stape et al., 2010).

For all the sampling ages, fine root density (FRD) exponentially
decreased with depth (Fig. 2a) with the highest value (0.46 gdm_s)
observed in the sub-surface layer (25-50cm) at 24 months after
planting. The highest FRD values were always observed in surface and
sub-surface A, horizons. Although depths > 8 m were already explored
by fine roots 24 months after planting, the rooting depth corresponding
to 80 and 90% of the fine root mass remained at the depths < 2.5 and
5.5 m throughout stand growth, respectively.

For the first time, this study recorded the maximum root front depth
reached by fine roots in E. urophylla commercial plantation at the end of
crop rotation. Indeed, the recorded value (1575 cm after 62 months of
growth) have been ascertained for sure since core drill samples were
taken down to a depth of 20 m with no roots found deeper. The ex-
ploration of deep soil layers has already been reported for other
Eucalyptus species with roots growing faster (Christina et al., 2017),
similar (Christina et al., 2011; Pinheiro et al., 2016) or slower
(Robinson et al., 2006) than in our study.

Proportional water capture (PWC) ranged from 1% to 99% with
higher values always reached in surface A, horizons after 48 months
(Fig. 2b). Generally speaking, PWC values decreased with soil depth
even if such a tendency was not linear. The mean PWCs at the ages of 3,
9, 24, 48, and 65 months were 18%, 60%, 28%, 29%, 22%, respec-
tively. PWC is generally calculated along the first few soil meters
(1.5-2.5m) (King et al., 2003; Ferchaud et al., 2015). Quantifications of
soil water storage in very deep soil profiles are rare in Eucalyptus
plantations (Smethurst et al., 2015; Christina et al., 2018). This is often
related to the fact that such kind of deep investigations pose serious
difficulties in terms of field methods and related costs. Consequently,
strong underestimations in PWC values are usually reported (Jackson
et al., 2000; Markewitz et al., 2010; Freycon et al., 2015). As a matter of
fact, our results showed that in deep layers PWC could be greater than
expected. For example, at 1125 cm soil depth 39% of PWC was ob-
served at the age 48 months, while at 1445cm a PWC of 28% was
observed at 65 months of age (Fig. 2b). Such values clearly show the
importance of water absorption by fine roots in very deep soil layers. A
higher capacity of deep roots than shallow roots to take up cations has
already been shown in Eucalyptus plantations (da Silva et al., 2011).
Thus, even if root density can often represent a limiting factor for ex-
tracting water, deep finer roots have however the capacity to withdraw
large amounts of water. Such an outcome was observed for several
other crops (Robertson et al., 1993; Zhang et al., 2004) and generally
explained as a reduced efficiency in water absorption by denser root
systems due to increased competition among neighboring roots.
Overall, all previously reported data are consistent with the well-known
dual root system characterizing Eucalyptus plants (Canadell and Zedler,
1995) and consisting of a dense fine root network in the upper soil
layers vs a finer, scattered fine root distribution in deep soil layers. A
modeling approach carried out over an entire Eucalyptus rotation in
Brazil showed that fine root distribution plays a major rule in water
uptake since: i) shallow lateral roots utilize water mainly coming from
rainfall in the wet season; ii) deep roots take up the water stored in deep
soil layers (from the previous wet season) during the dry period; and iii)
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even though soil water coming from rainfall can be affected by fast
percolation in sandy soils, the deep rooting system avoids loosing this
transient resource after canopy closure (Christina et al., 2017).

The high water absorption potential by E. urophylla shown in this
study agrees with that reported by Christina et al. (2017) for E. grandis.
As we observed in the present investigation, these researchers reported
that strategies and processes for water absorption in Eucalyptus com-
mercial plantations can be further depicted by: i) a rapid root growth
after planting providing access to large amounts of water stored in
deeper soil layers in the first 2 years; ii) a proportion of water absorp-
tion near the water table that can be much higher during the drought
periods, although mean water withdrawal at the depths greater than
10 m represents only 5% of canopy transpiration at the planting age of
5years; and, iii) a water table raising from a depth of 18 m before
harvesting of the previous stand to a depth of 12 m at the age of 2 years
and then falling again at the harvesting age, as the evapotranspiration
rates exceeded the annual rainfall.

Other important questions can be raised by comparing root growth
rates (RGR) vs PWC and FRD. RGR ranged from 0.83 (after 3 months),
1.30, (9 months), 1.18 (24 months), 0.87 (48 months), 0.81 (65 months)
cmday " !, thus quickly increasing along the first 9 months, and then
decreasing to the values recorded at the beginning, with the stand age
according to a polynomial trend (Fig. 3b). This data confirmed a fast
exploration of root growth but with a clear decreasing trend as time
went by. A slight decrease in root front velocity with stand age in Eu-
calyptus plantations have been already observed in Brazil (Christina
et al., 2011; Laclau et al., 2013) and South Africa (Dye, 1996). Laclau
et al. (2013) hypothized that this could be a result of substantial water
withdrawal in the subsoil. These authors argued that a drop in soil
water content in deep soil layers after canopy closure was not only due
to the disruption of drainage from the upper soil layers but could be
also caused by water withdrawal by tree roots. The strong relationship
between RGR and PWC (Fig. 3) in our study seems to strongly confirm
this hypothesis.

When comparing RGR with FRD additional important questions
arise. Goncalves (1995) found that RGR was inversely correlated with
FRD in Eucalyptus grandis W. Hill ex Maiden plantation, thus at in-
creasing FRD a decrease in RGR was observed. Recent minirhizotrons
studies in Eucalyptus plantations also showed higher root elongation
rates in very deep soil layers relative to the topsoil with maximum
values for individual roots up to 3.5cmd™ (Lambais et al., 2017;
Germon et al., 2019). In our study the opposite was true since RGR and
FRD were positively correlated (r = 0.919, p < 0.001), thus with in-
creasing FRD the RGR increased accordingly. As a matter of fact, we
observed high RGR values in deep layers too with a possible explana-
tion related to the fact that in these sandy soils there was no physical
osbstacle to limit root growth.

y =0.0692x* - 0.7119x* + 2.1189x - 0.6438
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2 ~
= 08 40 X
- <
[ r
S o
S

0.6 30 2
& 9
o/
& o4 R . 20

¥ = 6.6667x3 - 64.143x2 + 179.19x - 102
R2=0.8251
0.2 10
H#PWC +«RGR
0.0 0
3 9 24 18 65
Months

Fig. 3. Relationship between roots growth rate (RGR) vs PWC along the 3-, 9-,
24-, 48-, and 65-month chronosequence series. Equations shows polynomial
trends of investigated parametrs.
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3.2. Root front depth vs stand height

The root front depth compared to stand height in our chronsequence
ranged from 61 to 68%, with a mean value of 65% (Fig. 4a). The root
front depth and stand height increased following a similar pattern up to
48 months of age, with an almost symmetrical vertical growth rate. A
general tendency towards synchrony between the vertical extension of
shoots and roots throughout Eucalyptus growth was already docu-
mented (Christina et al., 2011); a pattern strongly dependent on fine
roots biomass and reflecting plant strategies for environmental ex-
ploration for water and nutrient uptake. However, in our case, even if
stand height vs root front depth could be well described by a linear
trend (R? = 0.987, as in Christina et al. (2011)) an exponential function
(R% = 0.994) could describe slightly better the observed relationship
(Fig. 4b). This was not only related to an increased observed R?, but
rather from the observed root front depth vs stand height behavior
along the investigated chronosequence series (Fig. 4a). As a matter of
fact, with increasing stand height the root depth increased accordingly,
but stand developed faster in height than in depth during the first
48 months rather than afterwards.

E. urophylla trees rapidly explored a considerable volume of soil at a
relatively limited carbon cost. Indeed, regardless of the stand age, roots
below the depth of 2 m amounted to < 20% of total fine root mass and
decreased to < 10% below 6 m depth.

3.3. Influence of edaphoclimatic conditions on soil water and plant/stand
development

3.3.1. Multivariate statistics

Correlation matrix (CM) showed several interesting correlations of
high statistical significance (Table 4). Climatic parameters (T, P, and
PET) strongly affect soil water content with the only exception of
available water capacity (AWC) and available water for planting
(AWP). With increasing mean T and a consequent increase in potential
evapotranspiration (PET), both soil water storage (SWS; r = —0.80,
p < 0.001) and surplus (SWP; r = —0.84, p < 0.001) decreased tre-
mendously; thus leading to a strong increase in soil water deficit (SWD;
r = 0.84, p < 0.001). An excessive increase in mean T and, conse-
quently, PET negatively affected plant diameter (DBH: r = —0.53;
p < 0.05), MAlg, (r= —047; p < 0.05), and stand height
(r= —0.47; p < 0.05). The sign of the correlations between mean
rainfall (P) and all of other parameters was opposite compared to T but
the correlations between P and DBH, root front depth (RFD) and MAlI,,
were not significant. Several soil properties affected soil water re-
sources and tree development. Soil development was highly correlated
with soil water storage (SWS: r = 0.63, p < 0.05), soil water deficit

(SWD: r= —-0.60, p < 0.05), tree diameter (DBH: r = 0.47,
p < 0.05), stand height (SH: r = 0.57, p < 0.05), and mean annual
increment (MAIL r = 0.49, p < 0.05). This means that soil water sto-
rage increased in more developed Oxisols, while a concomitant de-
crease in soil water deficit can be observed. Additionally, Oxisols seem
to positively affect even Eucalyptus stand height, wood diameter, and
MAIgy. Such multiple outcomes can be explained by simultaneously
reading all the other correlation coefficients among soil parameters vs
soil water and plant development. Indeed, the reasons why Oxisols can
affect such parameters are because of this pedotype: i) finer fractions
increases (silt and clay) while sand content decrease; and, consequently
ii) the soil retains higher amounts of soil water and organic matter, thus
alleviating water deficit issues and improving general soil physico-
chemical conditions. Under such edaphic conditions, all plant and stand
performance were strongly enhanced. All these aspects can be inter-
preted in the opposite direction for poorly developed sandy Entisols;
these soils are affected by lower capability in terms of water storage
(higher total porosity, lower bulk and particle density have been ob-
served in these soils) while being characterized by higher issues in
water deficit, all edaphic conditions that are relatively less favorable, as
compared to Oxisols, for plant and the whole stand development.

In summary CM showed that edaphoclimatic conditions play a
major role in Eucalyptus plant and stand development. An increase in
mean T and, consequently, PET can result in: i) a decrease in soil water
storage, consequantly increasing soil water deficit; and ii) a decrease in
plant and stand growth rates.

The eigenvalues of the three extracted factors in the FA (factor
analysis) after the matrix rotation were greater than 1, and these factors
can, therefore, be grouped into a three-component model that accounts
for 82% of all data variation (Fig. 5). In particular, F1 (Fig. 5a), re-
presenting 48% of the variance, showed soil development, clay and
SOM content, and soil water storage (SWS) as all positively concordant
while they were inversely correlated to pH and sand content. This factor
confirmed, as previously explained by CM, that in those sites char-
acterized by more developed, deeper and leached (pH decreased)
pedotypes (Oxisols), clay and organic matter increased (with sand de-
creasing accordingly) thus contributing to improve soil water storage.
Consequently, this factor can be interpreted as the “influence of soil
development on soil water storage”. F2 (accounting for 22% of the total
variance, Fig. 5b) showed soil development and all plant/stand para-
meters (MAI6y, DBH, and SH) as all positively concordant, while all of
these as inversely correlated with PET and SWD. This factor appeared to
be strongly related to the previous one (F1). Indeed, it additionally
showed that in Oxisols, due to the previous reported (in F1) favorable
soil physical-chemical conditions that are able to decrease PET and
water deficit, plant/stand performances were greatly improved. This
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Table 4
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Pearson coefficients for correlations of soil water (red acronyms: AWC, SWS, SWD, SWP, and AWP) and plant/stand parameters (black acronyms: DBH, SH, and

MAlI,,) vs. edaphoclimatic conditions (grey background for climate; green for soil).

AWC SWS SWD SWp AWP DBH SH MAI,,
M -0.80%** 0.84%%* -0.84%%* -0.53* -0.47%* -0.63*
By 0.69%* -0.66* 0.90%**
PET -0.79%*%* 0.87%%* -0.81 %% -0.58%* -0.49%* -0.65%*
Soil development 0.63* -0.60* 0.47* 0.57* 0.49*
pH -0.53* -0.60* -0.53*
Sand -0.94%** 0.51* -0.56*
Silt 0.56* 0.82%** -0.40* 0.81%** 0.56*
Clay 0.89%** -0.49%* 0.45%
PD -0.75%%* 0.49*
BD -0.84%%* 0.64* -0.49%*
TP 0.81#%* -0.63* 0.49*
SOM 0.81%** -0.56* 0.61*
CEC 0.53* 0.56* 0.68%* 0.53*
*p < 0.05, **p < 0.01, ***p < 0.001, grey values for non significant correlations.

AWC = available water content/capacity; SWS = soil water storage; SWD = soil water deficit; SWP = soil water surplus; AWP = available water for planting;
DBH = diameter at breast height; SH = stand height; MAI = mean annual increment; PET = potential evapotranspiration; PD = soil particle density; BD = soil bulk
density; TP = total porosity; SOM = soil organic matter; CEC = cation-exchange capacity.

factor can be then called as “favorable edaphoclimatic conditions for
plant/stand development”. The last factor (F3; 12% of the variance,
Fig. 5¢) showed the “influence of climate on soil water and physical
features”. Indeed, with increasing mean annual rainfall (Pmean), finer
fractions (silt) in soil increased (alteration processes), thus increasing
SOM and, consequently (increase in colloidal organic fractions), CEC; as
previously explained, with these soil conditions, soil water increased
(SWS) while issues in soil water deficit were mitigated (SWD).

On the whole, this research outlined the pivotal role played by soil
development for Eucalyptus commercial plantation. In Fig. 6 the mean
stand height, measured in each of the 14 investigated sites at the end of
a complete rotation cycle, was compared to soil development. It is clear
that at increasing soil development, i.e., from poorly developed sandy
Entisols (E), to medium developed Inceptisols (I), till to most developed
finer textured Oxisols (O), stand height performances greatly improved
accordingly. As a matter of fact, the ANOVA revealed significant sta-
tistical differences (p < 0.05) between Entisol vs Oxisols in terms of: i)
mean plant diameter with 12.2 cm in Entisols, while 13.6 cm in Oxisols;
and ii) stand height, with 28.0 m in Entisols while 31.9 m in Oxisols.
Consequently, even the wood mean annual increment at the end of a
complete rotation cycle was strongly affected, being
46.7m>ha”'year ! in Oxisols while 32.1 m®ha~' year ™! in Entisols,
meaning that in firts MAI was superior by 46%, as compared to the
later.

4. Conclusions

For the first time, the maximum depth reached by a plastic clone of
E. urophylla in a commercial plantation after a complete rotation cycle
of 6 years was measured at about 16 m.

The investigation of the fine root system down to a depth of 20 m in
a chronosequence series of 3, 9, 24, 48, and 65 months, showed a fast
displacement of the root front to very deep soil layers. Deep roots can

be relatively more efficient for acquiring soil water than shallow roots.
Proportional water capture (PWC) was higher than generally expected
in the deep soil layers, with values showing the importance of water
uptake by the fine roots in the deep horizons. PWC was about 40% at a
depth of 11 m at the age of 4 years and about 30% at a depth of 14 m at
the age of 5.5 years.

Edaphoclimatic conditions play a major role in plant/stand devel-
opment and behavior, with the “soil development” strongly dominating
observed variability. Indeed, along the pedosequence Entisols —
Inceptisols — Oxisols both plant and stand performances statistically
improved. This shows that soil type and its development, together with
other environmental factors, are likely to shape the vertical develop-
ment and behavior of Eucalyptus plantation.

The mean annual increment at the age of 6 years was 46% higher in
the Oxisols than in the Entisols in our study. A global investigation on
whole soil features is needed to improve our understanting of the
productivity of commercial Eucalyptus stands and to adapt management
practices to climate changes.
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